The present paper describes the results from two experiments which explored the spectral boundaries for the nonlinear additivity of simultaneous masking. The first experiment measured the threshold for detection ofa 2-kHz tone in the presence of two 800-Hz-wide bands of noise that had varying degrees of spectral overlap with each other and the 2-kHz signal. Results revealed an abrupt transition from linear to nonlinear additivity of masking as the spectral separation between the two maskers varied from some overlap to none. The second experiment examined alternative explanations for the data. Explanations based on restrictedlistening or distortion-product-detection hypotheses were not supported by the results of this experiment. These data indicate that nonlinear additivity of simultaneous masking holds for maskers that do not overlap within the critical band centered on the signal frequency. This interpretation is also consistent with a large body of data on the monaural and binaural summation (additivity) of loudness.
INTRODUCTION
In a recent paper, Humes and Jesteadt (1989) reviewed the literature on the additivity of masking and demonstrated that a nonlinear model of additivity, referred to as the modified power-law model, provided the best description of these data. This was demonstrated to be true for combinations of temporally nonoverlapping maskers and signal, as in combined forward and backward masking, or simultaneousmasking paradigms employing spectrally nonoverlapping maskers and signal. Under nonoverlapping conditions, the combination of two equally effective maskers can result in 10-15 dB more masking than either masker alone. Yet, it is well known that two equally effective broadband noises or two spectrally overlapping narrow-band maskers of the same level will produce a threshold in combination which is only 3 dB greater than that produced by either masker alone. This 3-dB increase is consistent with linear power summation ofmasker energy within the critical band centered at the signal frequency.
It is clear that the rules governing the additivity of masking are different for spectrally overlapping or nonoverlapping simultaneous maskers. In the present study, two experiments are described that explore the spectral boundary conditions for linear versus nonlinear additivity of simultaneous masking.
I. EXPERIMENT I
In this experiment, two bands of noise served as maskers. Masking was measured for each masker separately and for both in combination. The amount of spectral overlap between the maskers was varied from complete overlap to a wide spectral notch between the two maskers.
A. Method
Stimulff apparatus
The maskers were comprised of two bands of noise, 800 Hz in width, generated in the following manner. The noise source was fed through two steep ( --135 dB/oct) cascaded low-pass filters (Kemo, VBF-25MD) set to 400 Hz and then to a multiplier where it was multiplied by a sinusoid. Separate noise sources (GenRad, 1390B, Grason Stadler, EI0588A), low-pass filters and function generators (Tektronix, FG501 A) for the sinusoidal multipliers were used for each masker. Multiplier frequencies of 2.0, 2.2, 2.3, 2.4, 2.5, 2.6, 2.65, 2.7, 2.8, 2.9, and 3.0 kHz for one masker were paired with multiplier frequencies of 2.0, 1.8, 1.7, 1.6, 1.5, 1.4, 1.35, 1.3, 1.2, 1.1, and 1.0 kHz, respectively, for the other bandpass masker. The 3-dB down points for the masker amplitude spectra are shown for each masker pair in Table  I The signal was always a 2-kHz pure tone of 300-ms duration (onset to offset) and temporally centered in the masker. The signal had cos 2 rise-fall times of 20 ms. After the signal was gated, it was routed through a programma 'tile at- 
Procedures
Signal thresholds were measured in quiet and in the presence of the maskers using a two-interval, two-alternative, forced-choice paradigm in which interval markers appeared on the computer monitor and responses were entered from the computer keyboard. Interval markers were temporally coincident with the maskers and were separated by 500 ms. Signal level was adjusted adaptively so as to estimate the 70.7% point on the psychometric function relating percent-correct signal detections to signal level (Levitt, 1971 ) . Two successive correct responses were followed by increased signal attenuation, whereas each incorrect response was followed by decreased signal attenuation. Initial attenuation step size was 8 dB and then was decreased to 2 dB following the first incorrect response. A total of 11 reversals in signal level comprised a single threshold run with the first three of these being discarded prior to calculation of the mean signal level. The mean and standard deviation of the first three threshold runs were then calculated. If the standard deviation was less than or equal to 3 dB, the mean was accepted as an estimate of signal threshold for that condition. If the standard deviation exceeded 3 dB, then additional threshold runs were initiated. The mean and standard deviation of the three most recent threshold runs were recalculated after each additional run. Threshold estimation was terminated when either the standard deviation of the three most recent threshold runs was less than or equal to 3 dB or six threshold runs had been completed, whichever occurred first. If fewer than six threshold runs were completed, the threshold estimates represent the mean of the three most recent threshold runs. If six threshold runs were required, then the threshold estimates represent the mean of all six runs.
The order of presentation of the various spectrally overlapping conditions was random across subjects. For a particular amount of spectral overlap, however, thresholds were measured for each masker separately (in random order) followed by the combined-masker condition, prior to proceeding to a condition involving a different amount of spectral overlap.
Subjects
Four normal-hearing young adults served as subjects in this experiment. Pure-tone thresholds were less than 15 dB HL (ANSI, 1989) from 250-8000 Hz, and middle-ear immittance measurements were normal (tympanograms of normal shape and amplitude and contralateral acoustic reflexes in response to a 1000-Hz, 100-dB HL pure tone) in both ears. All subjects were paid for their participation. There is, however, an alternative explanation for the nonlinear additivity of masking observed for spectral notches between the maskers in this experiment. The combined masker conditions for notchwidths greater than or equal to zero are very similar to those used in measurements of auditory filter shape described initially by Patterson and colleagues (Patterson, 1976 ; Patterson and Nimmo-Smith, 1980). Initially, estimates of auditory-filter shape were ob-tained from measures using low-pass noise as the masker (Patterson, 1974) . It was noted, however, that the results obtained for this masker could be affected by the addition of a low-level high-pass noise whose cutoff frequency was above the signal frequency. Patterson argued that this highpass noise served to restrict the listener's ability to listen away from the low-pass masker and resulted consequently in higher thresholds when it was presented in combination with the low-pass masker. Thus, if one wanted valid estimates of the signal level needed for detection of a tone centered in the auditory filter corresponding to the signal frequency, then a notched noise with the signal centered in the notch would be most appropriate.
An interpretation of the data in Fig. 2 in terms of the restricted-listening hypothesis is straightforward. The masking is greater than the linear prediction for notchwidths greater than zero, not because of the nonlinear additivity of masking effects, but due to the restricted listening that occurs only for the combined masker conditions. Each masker presented separately permits the listener to achieve a lower signal threshold by listening away from the masker energy. This is not possible when the maskers are presented concurrently and consequently the threshold rises by a disproportionate amount.
Given the data from this experiment, it is difficult to decide between these two hypotheses. There are data from Zwicker and Herla (1975) , however that argue against the restricted-listening hypothesis. (Greenwood, 1971) . In this case, f• would correspond to the 1000-Hz center frequency of the masker and f2 would correspond to the signal frequency. These combination bands, assumed to be audible during the measurement of masking produced by the 1000-Hz narrow-band masker, would most likely be inaudible for the combinedmasker conditions given the upward spread of masking produced by the low-frequency (105-Hz) masker. Once these "false" signals have been masked in the combined-masker conditions, a higher "true" signal threshold would be obtained. Given the dependence of the 2f• --f• distortion product on the proximity off2 (signal frequency) to f• ( masker frequency) (e.g., Humes, 1985 ) , on e might expect this effect to be most apparent in this experiment for signal frequencies less than 1500 Hz (f2/f• < 1.5 ). Thus the excess masking observed for the signal frequencies in the 1000-to 1500-Hz frequency region in the combined-masker conditions may be attributed to the elimination of the detection of lower frequency combination bands. Note, however, that excess masking is still observed in Fig. 3 above 1500 Hz. The data from Zwicker and Herla (1975) presented in Fig. 3 , it should be noted, were from a single subject. Moore (1985) proposed a similar distortion-product detection hypothesis to account for the data from Lutfi (1983) obtained for the one condition in which both maskers were lower in frequency than the signal. He also suggested that envelope cues resulting from the use of a narrow-band-noise masker of very narrow (50 Hz ) subcritical bandwidth may be partially responsible for some of the observed nonlinear additivity of masking. One way to eliminate the possible confounding influence of the combination bands and the envelope cues is to simply widen the bandwidth of the midfrequency narrowband noise. Combination bands may still be produced between the sinusoidal signal and the upper edge of the bandpass masker, but they would fall within the passband of the masker and would not be likely to aid in the detection of the signal (Greenwood, 1971 ). This was the focus of the next experiment.
II. EXPERIMENT II

A. Method
Four normal-hearing young adults served as subjects. Subject selection criteria were the same as in the previous experiment.
Procedures and apparatus were the same as in the previous experiment. The signal frequencies were 1200, 1400, 1600, 2000, and 2400 Hz and the lower frequency masker was a 105-Hz pure tone. The higher frequency masker was generated by multiplying a 400-Hz low-pass noise ( --270 dB/oct) by 675 Hz, which resulted in a noise band that extended from 275 to 1075 Hz. Thus the upper cutoff frequency of this noise band matched that of the narrow-band noise used by Zwicker and Herla (1975) , and there was no spectral overlap between the two maskers. The levels of each masker were adjusted for each subject in an effort to approximately equate the individual masking effects for the 1600-Hz signal. Levels for the low-frequency masker ranged from 90--92 dB SPL, whereas levels for the bandpass noise ranged from 65-72 dB SPL.
B. Results and discussion
The quiet thresholds and masked thresholds for each of the maskers are shown in Fig. 4 . Each panel of this figure shows the data from a separate subject. As can be seen, there was at least 5 dB of masking at each signal frequency for each masker separately. In addition, the masking effects of each masker separately were roughly equated across frequency in this experiment. Both of these features of the data are desirable if one is to optimize the differences between the predictions of the linear and nonlinear models of masking additivity.
Comparison of these data involving the upward spread of masking from both maskers to those shown previously in Fig. 1 reveals that there are larger between-subject differenees in masked thresholds in the present experiment. This could be due to the use of different subjects in each experiment or to the typically large individual differences found frequently for the upward spread of masking (Zwicker and Schorn, 1978 
III. CONCLUSION
Experiment I demonstrated that the modified powerlaw model provided a good description of the additivity of masking for spectrally nonoverlapping simultaneous maskers, but that linear power summation was observed when the spectra of the maskers overlapped within the critical band centered at the signal frequency. Experiment II demonstrated that this conclusion was more parsimonious than explanations based on restricted listening or elimination of distortion-product detection for the combined-masker conditions. Whereas the modified power-law model can describe data on combined masking for signal frequencies between and abooe the spectral locations of the two maskers with the same value of p, the restricted-listening hypothesis can only be applied to a more "restricted" range of signal frequencies. As used in this paper, the modified power-law model is primarily a descriptive tool in which the masked threshold for the combined-masker conditions can be accurately estimated from knowledge of quiet threshold and the two individual masked thresholds. We have recently described, however, how this model can be used in a predictive fashion by incorporating it into an excitation-pattern framework (Humes et al., 1991) . 
